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.Abstract

A unique near-limit low stretch multidimensional stable flamelet phenomena has been

observed for the first time which extends the material flammability limit beyond the one-

dimensional low stretch flammability limit to lower burning rates and higher relative heat losses

than is possible with uniform flame coverage. During low stretch experiments burning the

underside of very large radii (z75cm stretch rate _ 3 sl) cylindrical cast PMMA samples,

multidimensional flamelets were observed, in contrast with a one-dimensional flame that was

found to blanket the surface for smaller radii samples ( higher stretch rate). Flamelets were

observed by decreasing the stretch rate or by increasing the conductive heat loss from the flame.

Flamelets are defined as flames that cover only part of the burning sample at any given time, but

persist for many minutes. Flamelet phenomena is viewed as the flame's method of enhancing

oxygen flow tO the flame, through oxygen transport into the edges of the flameietl _ameiets

form as heat losses (surface radiation and solid-phase conduction) become large relative to the

weakened heat release of the low stretch flame. While heat loss rates remain fairly constant, the

limiting factor in the heat release of the flame is hypothesized to be the oxygen transport to the

flame in this low stretch (low convective) environment. Flamelet extinction is frequently caused

by encroachment of an adjacent flamelet. Large'scale whole-body flamelet oscillations at 1.2-

1.95 Hz are noted prior to extinction of a flamelet. This oscillation is believed to be due a

repeated process of excess fuel leakage through the dark channels between the flamelets, fuel

premixing with slow incoming oxidizer, and subsequent rapid flame spread and retreat of the

flamelet through the premixed layer. The oscillation frequency is driven by gas-phase diffusive
time scales.

This is a preprint or reprint of a paper intended lot presentation at a conlerence.
Because changes may be made before formal publication, this is made available with the
understanding that it will not be cited or reproduced without the permission o! the author.



Introduction

Theoretical models of a one-dimensional stagnation-point diffusion flame predict

radiative extinction at low stretch [1,2], where radiative heat loss becomes large relative to

reduced heat release rates, and the flame quenches. Because it is difficult to obtain sufficiently

low stretch rates in the presence of normal gravity buoyant flow in typical laboratory-scale

flames, the low stretch extinction limit was only recently experimentally verified in drop tower

microgravity experiments [3]. In [3], using a pure gaseous diffusion flame with reactants issuing

from opposed tubes, a quenching limit at low stretch and a U-shaped flammability boundary with

fuel percentage and stretch rate as coordinates was experimentally demonstrated. However,

because of the limited microgravity time in the drop tower (10 s), the reactants' feed tube

diameter (2 cm) and the spacing between the fuel and oxidizer tubes (1.5-2.5 cm) had to be kept

small enough so the flame response time was fast enough to achieve a steady flame in the

available microgravity time.

Due to these restrictions, two questions may be raised regarding the interpretation of the

experimental results of [3]. First, how much heat did the flame lose to the feed tubes, since low-

stretch flames are physically thick and the tube spacing was close? (i.e., heat losses are not from

gas radiation alone). Second, since the lateral extent of the flame is small (flame diameter is

approximately equal to the tube diameter), and the flame radius to flame zone thickness ratio is

not much greater than unity, can the experiment be considered a truly one-dimensional flame?

Theoretical models [ 1-3] assume one-dimensionality. To check the validity of the one-

dimensional prediction of the low stretch extinction and the possibility of a non-one-dimensional

extinction mode, a large scale flame experiment capable of producing truly one-dimensional

flames is needed.

Large scale experiments were conducted burning the underside of flat PMMA disks [4],

but it is difficult to characterize the stretch rate in this geometry. In addition, cellular instabilities

were reported for samples larger than 8 cm in diameter. These cellular instabilities are quite
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differentfrom thosereportedin this paper,andarebelievedto bedueto thefinite flat geometry

of thesamplesin thestudy.

In thepresentwork, a largescaleexperimenthasbeencarriedoutby burningthebottom

surfaceof acylindricalsolid fuel (polymethylmethacrylate,PMMA) in normalgravity. In [2], it

wasdemonstratedtheoreticallythattheshapeandlocationof theextinctionboundary,aswell as

anumberof importantflamecharacteristicsarealmostidenticalfor buoyantandforced

convectiveenvironments.Applyingthebuoyantstretchratea _, (g/R) _, where g is the

gravitational constant and R is the radius of curvature of the solid fuel, we can study low stretch

extinction phenomena in normal gravity by using a solid fuel of very large radius of curvature.

Estimation and Discussion of Relevant Scales

Before the experiment and results are presented, a discussion of several relevant length

and time scales will be given. The energy balance at the solid-gas interface can be expressed by

;,g%_ ryg÷ ,,qroa = _'_-_y +_
(1)

where the first and second terms on the left side of Eqn. (1) are the rates of heat conduction and

radiation from the gas, respectively. The first term on the right side is the rate of heat conduction

into the solid, the second term is the rate of energy used for pyrolysis (vaporization), and the last

is the rate of surface radiative loss. In theory, if steady burning is achieved [ 1,2], the solid

phase temperature profile can be determined, and the thermal depth is _Jr (where a s is the solid

thermal diffusivity, assumed to be constant (1.2x10 3 cm2/s), and r is the regression rate of the

solid). In this case, the surface temperature gradient is

,/L
--71, --(L - r.)
ay

(2)
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However,in low stretchflames,the linearburningrater is verysmall,sothesolid

thermaldepthis very large- largerthanthesolid-samplethicknessestypicallyusedin

experiments.In theseexperiments,the solid (2.4 cm thick) is not truly thermally thick. At large

times, when the thermal wave reaches the back side of the solid sample, the thermal condition on

the back surface of the sample (T.) becomes relevant.

The solid phase time scale for thermal wave penetration (heat up transient) to the back

side is _2/cq, where _ is the solid thickness (for a thick solid, the timescale is ttflr2). For a solid

sample thickness of 2.4 cm, this time is 80 minutes. Before this time is reached, but after the

ignition stimulant is removed, the solid thermal penetration continues and the in-depth

conduction term in Eqn. (1) decays with time. From the perspective of the gaseous flame, as

time progresses, less heat is "lost" into the solid and a stronger flame develops. However, as

time progresses, surface regression reduces the sample thickness so that the penetration time is

reduced and the thermal condition on the back surface of the sample becomes relevant,

steepening the temperature gradient as the sample continues to regress. Thus the finite solid has

two transients; the initial heat up as the thermal wave penetrates and heat losses are reduced, and

the regression transient, as sample regresses and the back surface boundary condition moves

closer to the burning surface, increasing the heat losses.

The gaseous flame zone thickness is related to the stretch rate a. The flame standoff

distance is estimated to be either (o_da) _ or (Deta) _ , where ¢q is the average gas thermal

diffusivity, De is the average fuel vapor mass diffusivity, and a is the stretch rate. For low

stretch diffusion flames (say at a=3 s"), this standoff distance is approximately 0.75 cm[5].

Since the flame thickness is two or three times greater, the characteristic gas length scale (flame

zone thickness) is approximately 2 cm. To have an approximate one-dimensional flame, the

flame width (lateral extent) must be an order of magnitude greater (-20 cm).

The characteristic gas phase time scale is Qg_/t_8, which is proportional to lla. For a =

1.8-3 s "_(flamelet regime), this time scale is of the order of a second. For events where
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significantchangesin thesolid phaseoccuron theorderof manyminutes,thegas-phasemaybe

consideredquasi-steady,but thesolid-phaseis still unsteady.

Experiments

Normal gravity experiments were conducted with a buoyant stagnation point flame

stabilized beneath a cylindrical cast PMMA fuel sample, shown in Figure 1. The stretch rate, a, is

equal to ((9,-9*lPe) g/R) _, where g is the gravity, R is the radius of curvature of the fuel sample,

and the p ratio term is the normalized density difference between ambient (e) and average flame

conditions(*). The stretch rate was varied by varying the radius of curvature from 2.5 cm to 200

cm, corresponding to stretch rates of 16.2 to 1.8 s", respectively. The exposed burning area of

the samples with R_20 cm was 20 cm x 20 cm, with inert extensions on all sides to continue the

cylindrical geometry beyond the burning area to minimize edge effects. The maximum flame

standoff distance observed in the experiments was 0.75 cm, so the aspect ratio of the low stretch .

experiments was 10, as discussed above, to achieve a truly one-dimensional flame. With this

geometry it is possible to conduct low stretch experiments at normal gravity that simulate the low

stretch extraterrestrial environments of spacecraft, the Moon, or Mars.

Diagnostics included video recording of the flames from two views: a side view of the

cylindrical geometry, for flame standoff distance measurements(100 pixels/mm), and a bottom

surface view to image the flamelets (at a slightly oblique angle to avoid dripping molten PMMA

on the camera). An infrared (0.6-15 microns) Schmidt-Boelter thermopile radiometer (0-0.2

W/cm 2) was positioned beneath one comer of the sample, and the reading was converted" to

W/cm 2 emitted from the sample+flame using an appropriate view factor. Additional detail on

the experimental setup is reported elsewhere [5,6].

Models predict that quenching extinction is caused by excessive heat losses relative to

heat release rates [ 1,2]. It is thus feasible that quenching extinction can be experimentally

observed by 1) reducing the stretch rate to reduce the oxygen supply, which reduces the heat



releaserate;2) increasingtheheatlossesfrom thesystem,suchasincreasingthesolid conduction

term in Eqn.(1) (in additionto the intrinsicradiativelossterm);or 3) acombinationof 1)and2).

In theseexperiments,decreasingthestretchrateisaccomplishedby increasingtheradiusof

curvatureof thesample.Increasingtheheatlossesfrom thegaseousflame is accomplishedin

threeways. First,at earlytimesin theexperimentheatlossesarehighdueto theinherently

unsteadysolid-phase,wherethethermalwavehasnotyetpenetratedthroughoutthesolidandthe

subsurfacesolid heatconductionis greaterthanit wouldbefor steadystatefor aninfinitely thick

sample.Second,atlatertimesin theexperimentheatlossesagainincreasedueto aninherent

increasein solidconductiveheatloss,whichoccursasthesurfaceregressesfor thefinite

thicknesssample.At intermediate times, a minimum in the heat loss occurs. Lastly, in addition

to these inherent solid phase variations, the conductive heat loss can be manually changed by

changing the back surface temperature boundary condition on the solid sample (using air, ice,

and dry ice). This back surface boundary condition has been used as an initial condition for the

test, or a step change in the condition during a test.

When the back surface is exposed to an ice bath as an initial condition, one-dimensional

flames persist for stretch rates all the way down to 3.6 s'L At a=3 s_ (R=75 cm), flamelets are

observed throughout the test (100 minutes) with an ice bath. When the back surface of this same

75 cm sample was changed to air (a good insulator) as an initial condition, the flamelets are

observed for a period of 55 minutes before transition to a one-dimensional flame. This time

corresponds to the thermal penetration time for the regression-thinned sample (2.0 cm). The one-

dimensional flame lasted for approximately 35 minutes and then reverted back to flamelets (see

Fig. 2). Since the stretch rate stays constant during the test, the occurrence of the initial flamelets

is due to the large subsurface conductive flux into the solid (the first term on the right hand side

of Eqn.(1)) right after ignition. The large flux to the solid lowers the flame temperature

(confirmed with thermocouple readings [5]) and weakens the flame, as discussed in the previous

section. When the solid thermal wave extends through the solid, the subsurface conductive loss

from the flame decreases and a one-dimensional flame can be reached. The strongest one-

dimensional flame is inferred to occur at 65-70 minutes after ignition, when the flame standoff



distanceandflameradiationreadingspeakin Fig.2. Theratioof heatloss(conductiveand

surfaceradiativeflux termsin Eqn.(l)) to heatflux from theflameto thesolid (left handsideof

Eqn.(1)) hasbeenestimated[5,6] to be85%for this limiting one-dimensionalflame. After this

time,heatlossesincreaseagaindueto thereductionof thesamplethicknessdueto surface

regression.At 90minutes,thebacksidelossbecomesgreatenoughandtheone-dimensional

flamerevertsbackto flamelets.Theone-dimensionalflammabilitylimit is thusdeterminedto

occurat astretchrateof 3st.

Testswith 100and200cm radiusof curvaturesampleswereperformedwheredry ice

(-78.5°Csublimation)wasusedinsteadof anicebath. However,thedry icewasadded30

minutesafter ignition,astepchangein thebacksurfaceboundaryconditionduring thetest, to

avoidignition limitations. Theintentwasto determineif increasingtheconductiveheatlosses

in-depthwouldbesufficientto quenchtheflameletsestablishedover I00 and200cmradiusof

curvaturesamples.Changingfrom ice to dry ice is estimatedto increasethesteady-statesolid

conductivelossesbymorethan20%. After dry iceapplication,asin-depthconductionincreased,

theflamelets weakened,andflameletcoveragereduced. While the 100cm sample'sflamelets

persistedeven95minutesaftertheadditionof thedry ice, the200cm sample'sflamelets

extinguished45 minutesaftertheadditionof dry ice,soextinctionwasachievedwith the

increasedheatlossat astretchrateof 1.8s"t. Thusasheatlossratescontinueto increaserelative

to theheatreleaserates,flameletsextinguish.

Anotherinterestingtestis to increasethestretchrateduringatest. In selectedflamelet

experiments,the low stretchbuoyantfl0w wasaugmentedbriefly by afan-blownforcedflow to

elevatethestretchratevia amixedbuoyant-forcedflow [2]. This increasedtheheatreleaserate,

and,asanticipated,uniformflamecoveragewasachievedduring theelevatedstretchperiod.

Oncetheforcedflow wasturnedoff, however,theflamerevertedbackto flamelets,indicating

thattheflameletphenomenais thenaturalstatefor very low stretchflames.
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Flamelet Phenomena

A Description of Flamelets

Flamelets are defined here as flames that cover only part of the burning sample at any

given time. The onset of flamelets is interpreted as the quench limit for a one-dimensional flame.

The flamelet phenomena extends the material flammability beyond the one-dimensional flame

extinction limit by increased local oxygen flux to the flamelet through the quenched channels.

The transient formation of flamelets after ignition can be seen in Figure 3. Just after

ignition, full flame coverage is present, as shown in Figure 3a for a 75 cm radius sample. The

flame develops holes (Fig. 3b) within about 30 seconds of ignition deactivation, which proceed

to grow and dynamically tear the flame apart into flamelets (Fig. 3c,d). These holes have been

theorized to be caused by a reduction in the local Damkohler number (ratio of characteristic

local residence time to local chemical time) below a critical value [7]. The flame breakup period.

is characterized by rapid flame flashes across the burning sample, flamelet oscillations, and

flamelet extinction. Approximately 1 minute after breakup commences, the flamelets "stabilize"

below the surface (Fig.4a) and begin more leisurely meandering about the surface on a solid-

phase timescale of minutes.

Since the low stretch diffusion flame beneath the solid fuel is oxygen-limited, flamelet

phenomena at very low stretch, where the flame breaks up into pieces and becomes multi-

dimensional, is viewed as the flame's method of enhancing oxygen flow to the flame, through

oxygen transport into the edges of the flamelet. The minimum quenched channel width

observed is about 2 cm (see Fig. 3d or Fig. 4a). This is of the same order as the flame zone

thickness, which is also the characteristic gas diffusion length. With additional oxygen

diffusion at the edges of flames, numerical calculations show a smaller flame standoff distance

[8,9] as the stoichiometric flame location shifts toward the fuel surface. Figure 2 shows that,

indeed, the flame standoff distance in the flamelet stages are smaller than the one-dimensional

flame.



Theshapesof flameletsarenotentirelyregular;theyslowly(in timescalesof many

minutes)changein shape,with lengthto width aspectratiosof 1-2. Flameletsmeanderaround

theburningsurfaceon timescalesof tensof minutes(i.e.solid-phasetimescales).Duringatest,

theflameletstendto grow andcontract,spreadandsplit into two. Theftameletscoverevery

partof thesampleduringsomepartof theburn. The"channel"spacingbetweenflamelets

generallyincreaseswith decreasingstretchrate,asshownin Figure4, althougherrorbarsare

largeon thespacingdueto theunsteadynatureof theflameletphenomena.For 100cm samples

(Fig.4b), flameletsareon theorderof 5-8cm apart. For200cm samples(Fig.4c),between

oneandtwo flameletsarestableat anygiventime. Unlikepreviousruns,whichwereableto

showlocalsootspotsaroundsuspendeddroplets,theseflameletsareall blue,with locally

brighterspotswherefuel vaporjets arebeingreleased.The typical cycle of the stable flamelet

would be to grow in size and then split into two. The two would move apart, but one of the two

would invariably extinguish and the cycle would repeat itself. Thus it seems that for this size

sample (20cm x 20cm), there is no "stable" spacing for two adjacent flamelets for 200 cm radii

samples. This is similar to phenomena observed in fingering instabilities for flame/smolder

spread problems [10,11], where the spacing between fingers is a strong function of the incoming

flow. These experiments also show that there is a minimum flamelet size on the order of 5 cm

in radius, below which the flamelet will extinguish.

_Flame!et Oscillations

Flamelets locally quench as they interact strongly with adjacent flamelets. One

flamelet's hydrodynamic flow field can interfere with another's and the weaker flamelet becomes

unstable. The local quenching is at times preceded by a period (typically on the order of a

minute) of large-scale oscillations of the weaker flamelet. Figure 5 shows the oscillations of the

edge of one such flamelet, which developed large-scale oscillations that continued for 30

seconds prior to quench (large scale in the sense that the oscillatory amplitude is of the same

order as the flamelet size). This particular flamelet was larger initially, but had shrunken due to

influence of a growing flamelet adjacent to it. The flamelet began flashing back over the
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previouslyoccupiedarea.This flashbackwasoscillatoryin nature. During the expansion

portion of each oscillation, the flamelet propagates through a premixed fuel/oxidizer zone. The

flamelet edge speed during this portion of the cycle is extremely fast, typically in excess of 50

cm/s and accelerating, due to both the premixed flame speed and thermal expansion.

The oscillation frequency is measured from Figure 5 by taking the times that the cycle

reaches its low point and plotting them as a function of oscillation number. This data is shown

on the right axis of Figure 5. The frequency of this oscillation is measured to be 1.2 Hz, based

on the slope of the data. The range of frequencies measured in flamelet tests was 1.2-1.95 Hz.

The steadiness of the oscillations can also be observed to be quite good from this figure, showing

only slow fluctuations around this steady frequency. This frequency is consistent with gas-

phase characteristic times of approximately 1 second (QgZ/cts).

Oscillations prior to local flamelet extinction were observed in every flamelet run. This.

resembles the near-limit candle flame oscillations [ 12,13]. Recent theories have attributed the

oscillations to flame front heat and mass imbalance due to radiative heat loss and/or large fuel

Lewis number [ 14,15]. Both criteria appear to be met for these experiments; oxygen supply is

limited (limited heat release), heat loss rates are high relative to the heat release rate, and the fuel

in this study, PMMA (molecular weight 100), has a Lewis number that is larger than unity.

Conclusions

Flamelets are a unique near-limit low stretch stable flame adaptation observed for the

first time in this geometry for stretch rates below 3 s"t. Flamelets are defined as flames that

cover only part of the burning sample at any given time, but persist for many minutes. The

flamelet burning regime extends the flammability of the material beyond the one-dimensional

flame limit to lower burning rates and higher relative heat losses than is possible with uniform

flame coverage. Flamelet phenomena is viewed as the flame's method of enhancing oxygen flow

to the flame, through oxygen transport into the edges of the flamelet.
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Theseexperimentshavedemonstratedthatflameletscanform eitherby decreasingthe

stretchrateor by increasingtheconductiveheatlossfrom theflame(in additionto intrinsic

radiativeloss). Sincelow stretchflamesarethick, only aflamewith sufficientlylargelateral

extentcandisplaytheflameletphenomena. In adaptinga largesolid fuel for thispurpose,

however,we introduceanadditionalsolid timescalewhich is verylong,andthesystemis not

truly steadywhenmeasuredin this timescale.Theslow meanderingmotion andthegrowthand

contractionof flameletsmaybetheresultof the inherentsolidunsteadiness.It wouldbe

interestingto carryout theexperimentwith steadyboundaryconditionsimposed(suchaswith a

largescalepurelygaseousflame)to seewhetherflameletscanbestationaryandsteady.

While theone-dimensionalstagnationpoint theoryhasbeeninstrumentalandusefulin

thestudyof low stretchflamebehavior,the inclusionof aflameletregimewill requirean

extensionto multi-dimensionalmodels.
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Figure Captions

Figure 1: schematic of a buoyant low stretch one-dimensional diffusion flame established in the

stagnation flow region beneath a cylindrical solid fuel. In this cylindrical geometry, the stretch

rate is proportional to (g_)"_. The radius Of curvature, R, was as large as 200 cm in the

experiments.

Figure 2: flame standoff distance (solid line) and radiometer readings (dashed line) during a low

stretch (a=3 s -I) experiment with air as the back surface boundary condition. Both sets of data

show the long-term solid-phase heat up and regression transients, while the gas-phase flame

standoff distance reaches a fairly stable value during the 1-D uniform flame phase. The

radiometer reading does not stabilize, but continually varies as the sooting character of the flame

continually varies, maximizing between 55-75 minutes. Surface radiation alone is estimated to

be 0.8 W/cm 2. "Noise" in each signal is actual variations of the flame; both readings detect the

perturbations caused by frequent bubble rupture and vapor jetting from the surface. Dripping late

in the test made flame standoff distance measurements impossible at times. The experiment was

manually terminated at 118 minutes.

Figure 3: Dynamic flame breakup of a post-ignition uniform flame into flamelets: images are 5

seconds apart. View is slightly oblique.

a) post-ignition uniform flame over 20 cm x 20 cm sample viewed from below, showing local

reaction thinning but flame still fully covers surface;

b) holes develop in flame sheet, with definite edges and downstream enhanced reaction;

c) holes grow and merge to form transient channels as the flame destabilizes over the sample;

d) channels become more stable, with a characteristic 2-3 cm spacing between flamelets.

Figure 4: flamelets stabilized beneath samples for stretch rates of a) 3 s "1, b) 2.5 s", and c) 1.8 S "1.

Oblique view is same as Figure 3.

Figure 5: Oscillating flamelet edge position as a function of time (line), showing oscillations for

a flamelet beneath a 75 cm sample prior to local quenching of that flamelet. Tracking the low

point in each oscillation (circles), the frequency of the oscillations is nearly steady until

extinction at 1.2 Hz.
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